Two-dimensional (2D) layered transition metal dichalcogenides (TMDs) such as WS 2 are promising materials for nanoelectronic applications. However, growth of the desired horizontal basal-plane oriented 2D TMD layers is often accompanied by the growth of vertical nanostructures that can hinder charge transport and, consequently, hamper device application. In this work, we discuss both the formation and suppression of vertical nanostructures during plasmaenhanced atomic layer deposition (PEALD) of WS 2 . Using scanning transmission electron microscopy studies, formation pathways of vertical nanostructures are established for a two-step (AB-type) PEALD process. Grain boundaries are identified as the principal formation centers of vertical nanostructures. Based on the obtained insights, we introduce an approach to suppress the growth of vertical nanostructures, wherein an additional step (C)a chemically inert Ar plasma or a reactive H 2 plasmais added to the original two-step (AB-type) PEALD process. This approach reduces the vertical nanostructure density by 80%. It was confirmed that suppression of vertical nanostructures goes hand in hand with grain size enhancement. The vertical nanostructure density reduction consequently lowers film resistivity by an order of magnitude. Insights obtained in this work can contribute toward devising additional pathways, besides plasma treatments, for suppressing the growth of vertical nanostructures and improving the material properties of 2D TMDs that are relevant for nanoelectronic device applications.
■ INTRODUCTION
Layered, semiconducting transition metal dichalcogenides (TMDs), for example, MoS 2 , WS 2 , WSe 2 , and so forth, are being investigated for applications in next-generation nanoelectronics, such as low-power devices in the back-end-of-line (BEOL). 1−4 This interest arises from their high carrier mobility, sizeable band gap, and ultrathin two-dimensional (2D) structures. 1,5−7 To facilitate the integration of these materials into nanoscale devices, it is crucial to synthesize highquality crystalline TMD materials with precise thickness control to attain the desired performance levels. 1, 2, 5 Additionally, wafer-level scalability and conformal deposition over highaspect-ratio three-dimensional (3D) structures at BEOL compatible temperatures (T ≤ 450°C) are some of the other key requirements. 8, 9 To date, a variety of techniques have been used to synthesize monolayer to few-layer TMDs. These techniques include chemical 10 or mechanical 11 exfoliation, chemical vapor deposition (CVD), 12−15 thermal vapor sulfurization of the metal or metal oxide, 16−19 physical vapor deposition (PVD), 20, 21 electrochemical synthesis, 22, 23 atomic layer deposition (ALD), 4,24−26 etc. ALD offers several benefits over other techniques because of the self-limiting nature of its gas-surface reactions. 26, 27 In essence, ALD is a cyclic thin-film deposition technique based on sequential reactions of self-limiting precursor (step A) and co-reactant (step B) exposures on the growth surface. 28, 29 Through these reactions, ALD offers the key advantages of angstrom-level thickness control, uniform film growth over large-area substrates, and conformal coatings of high-aspect-ratio 3D structures, which are otherwise difficult to achieve with other synthesis techniques. 9,27−29 Typically, the deposition temperature for most ALD processes has been reported to be below 500°C. 8, 26, 28 In this regard, the synthesis of 2D TMDs via ALD has attracted considerable interest from the scientific community. 26 Furthermore, the use of a plasma during the co-reactant exposure (step B) of an ALD cycle [the so-called plasmaenhanced ALD (PEALD) process] offers additional freedom in processing conditions that can influence material properties. 29−32 To date, mono-to few-layered semiconducting TMDs, such as MoS 2 , 9,24,33−38 WS 2 , 4, 8, 25, 39, 40 WSe 2 , 41 and so forth, have been synthesized using both thermal and PEALD on large-area substrates with precise thickness control and excellent conformality. 26 However, the as-deposited layers were either amorphous or nanocrystalline with small grain sizes (<100 nm). 9, 35, 38, 39 Research on enhancing the grain sizes in ALDdeposited 2D TMDs is ongoing. Recently, Groven et al. demonstrated how the grain sizes in WS 2 films can be increased by controlling the nucleation density during ALD. 8 From an application perspective, another bottleneck in the progress of ALD of 2D TMDs is the growth of vertical 3D nanostructures along with the desired basal-plane-oriented (00l) 2D horizontal layers. 9, 36, 38 The presence of vertical nanostructures amidst 2D layered films can lower film conductivity that hampers device performance in turn. This effect can be attributed to the anisotropic electrical conductivity of these materials. 16,42−44 The conductivity perpendicular to the layers (∥c-axis) is approximately two orders of magnitude smaller when compared to the conductivity within the layers, that is, basal-plane-oriented (⊥c-axis). 42−44 Furthermore, the vertical nanostructures can effectively scatter mobile charge carriers in these few-layered films as these nanostructures have been observed right from the film nucleation stage. 9, 36, 38 Moreover, the growth of such vertical nanostructures is not restricted to TMD films synthesized using ALD alone but has been reported in the literature for TMD films obtained by CVD, 15, 45 thermal sulfurization of metal, 16, 17, 19 sputtering, 46 etc. In this context, suppressing the growth of vertical nanostructures in TMD films is of crucial importance for device applications. To effectively suppress the growth of vertical nanostructures, it is important to understand how they form. Understanding the formation pathways involved in the growth of vertical nanostructures can provide insights that can assist in devising methods for suppressing their growth. Although the growth of vertical nanostructures with ALD and CVD has been reported in the literature, 15, 36, 38, 45 a comprehensive formation mechanism is yet to be established. In addition, to the best of our knowledge, there are no literature reports on suppressing the vertical nanostructure growth.
In this work, we discuss both the formation and suppression of vertical nanostructures during PEALD of WS 2 . Pathways involved in the formation of vertical nanostructures in a twostep (AB) WS 2 PEALD process are established based on extensive scanning transmission electron microscopy (STEM) studies. Through fast Fourier transform (FFT) analysis of atomic resolution STEM images, we demonstrate how vertical nanostructures predominantly form at grain boundaries (GBs). Furthermore, we provide insights regarding the impact of grain orientation and GB angles on the formation of vertical nanostructures. The suppression of vertical nanostructures during WS 2 PEALD was enabled through plasma-based treatments. The addition of a plasma step C to the AB process enables a significant suppression of the vertical nanostructures formed during the AB steps. We discuss how the plasma exposure in step C enables the suppression of vertical nanostructures through physical or chemical interactions as these nanostructures form and the importance of suppressing the vertical nanostructures during their nucleation. By suppressing the density of vertical nanostructures by the ABC PEALD method, we report an order of magnitude decrease in film resistivity relative to the WS 2 films deposited by an AB-only process.
■ EXPERIMENTAL SECTION PEALD Process. All WS 2 depositions were performed in a commercial FlexAL ALD reactor from Oxford instruments. The reaction chamber was equipped with a remote inductively coupled plasma (ICP) source, a turbo molecular pump that enables a base pressure of 10 − 6 Torr, and a 200 mm substrate table. WS 2 films were deposited with a two-step AB or a three-step ABC PEALD process using the recipe shown in Figure 1 . In the AB process, WS 2 films were deposited using the bis(tert-butylimido)bis(dimethylamido)-tungsten precursor (step A) and H 2 S plasma (step B) by adopting the PEALD recipe reported in our earlier work. 47 The precursor and plasma-activated co-reactant saturation curves asserting the typical ALD behavior for the AB process are shown and further discussed in the Supporting Information ( Figure  S1 ).
In the ABC process, an Ar and/or H 2 plasma was added as step C to the AB process, as shown in Figure 1 . In the newly added step C, the plasma exposure was 50 s long, the plasma power was fixed at 500 W, and the chamber pressure was maintained at 15 mTorr. The Ar and H 2 gas flows into the ICP source were fixed at 50 sccm (standard cubic centimeters per minute) during step C. Argon gas purges were utilized between all steps during the deposition. The thickness versus number of ALD cycle profile and the growth per cycle (GPC) for the three processes are shown in Figure S2 and Table S1, respectively. WS 2 films deposited using the AB process were used for studying the formation of vertical nanostructures, whereas the films deposited using ABC processes were used for studying the suppression of vertical nanostructures. To study the suppression of vertical nanostructures, WS 2 films of approximately 6 nm (∼9 WS 2 layers) were utilized unless stated otherwise. This thickness was chosen as the suppression of vertical nanostructures could be clearly visualized in these films. Vertical nanostructures were observed to form irrespective of the ICP plasma power (100−500 W).
Material Characterization and Analytical Techniques. In situ spectroscopic ellipsometry (SE) was used to monitor the WS 2 film thickness during PEALD using a J.A. Woollam M2000F ellipsometer. A B-spline-function-based fitting model was used to extract the film thickness from the raw SE data.
To study the surface morphology and microstructure, a probecorrected JEOL JEM-ARM200F TEM operated at 80 kV was utilized to obtain high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images. For STEM imaging, WS 2 films were deposited on Si 3 N 4 TEM windows, coated with a 5 nm ALD SiO 2 film. Cross-sectional TEM samples were made with a focused ion beam (FIB) using the standard lift-out method.
Rutherford backscattering spectroscopy (RBS) was used to study the absolute film composition and stoichiometry. The RBS measurements were performed by Detect 99, Eindhoven, The Netherlands, using a 2000 keV He + beam. X-ray photoelectron spectroscopy (XPS) was also used to study the film composition. XPS measurements were performed using a Thermo Scientific KA1066 spectrometer with monochromatic Al Kα X-ray source (hν = 1486.6 eV). XPS data 
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Research Article processing was performed using Avantage software, and XPS peaks were referenced to the adventitious carbon 1s peak (binding energy = 284.8 eV) for necessary charge corrections. The electrical sheet resistance was measured using a Signatone four-point probe (4-PP) in combination with a Keithley 2400 Source Measurement Unit (SMU) that played the dual role of current source and voltage meter. The electrical resistivity was determined from the slope of the generated I−V curve and the SE determined film thickness. All 4-PP measurements were performed at room temperature.
■ RESULTS AND DISCUSSION Formation of Vertical WS 2 Nanostructures. Formation mechanisms of vertical nanostructures have been briefly discussed in previous CVD, 15, 45 thermal sulfurization of metal, 16, 17 and ALD studies; 9,38 however, a comprehensive formation mechanism has not yet been established. These formation mechanisms begin with laterally expanding grains following Frank−van der Merwe growth 48 as depicted by Li et al. 15 for CVD-grown MoS 2 ; all grains are considered to have their basal planes parallel to the substrate with rotational freedom around the surface normal. With an increasing number of horizontal layers, a transition from layer-by-layer growth of the TMD material to a vertical orientation (similar to Stranski−Krastanov film growth) has been reported. 15 This transition was attributed to the release of strain accumulated during 2D layer growth. 15, 49 Such a transition has been suggested to depend on surface and growth conditions such as seed layer thickness and diffusion kinetics of vaporized chalcogen. 15, 50 In the case of ALD-grown WS 2 films, we have suggested in our previous studies 47 that the transition to vertical growth can be strongly influenced by the precursor adsorption at grain edges. Here too, the initial film growth starts with the formation of islands with basal planes oriented parallel to the substrate. The growth at the edges of these islands is faster than the growth on top of the basal planes because of the higher reactivity of edges. This aspect was well supported by DFT results, which indicated a higher precursor adsorption at the edges. 47 A GB is then formed between neighboring coalescing grains (Figure 2a ) during the ALD process. Precursor adsorption ensues at the WS 2 edges forming the GB rather than on the chemically inert basal planes, as also illustrated for the ALD of Al 2 O 3 on MoS 2 . 51 Subsequent film growth occurs across the newly formed GB, resulting in the formation of vertical nanostructures. These vertical nanostructures most likely form from the culmination of several factors, including minimization of surface energy, 16, 52 relaxation of accumulated strain, and defect-mediated growth (at vacancies, GBs, edge/surface relocation, etc.) in as-deposited films. 15, 53, 54 Vertical layers can also originate directly from defects present on the substrate. 36 In this work, we describe three formation pathways of vertical nanostructures that were observed in PEALD WS 2 films: type I, type II, and type III pathways. A schematic of each formation pathway can be seen in Figure  2b −d. For these studies, WS 2 films deposited at 300°C on Si substrates with 450 nm oxide using a previously established PEALD AB process were utilized. 47 The type I formation pathway ( Figure 2b ) arises from the continued expansion and orientation transition of one grain, while the second grain is eclipsed and expansion of the grain at this GB is terminated. This pathway begins with grain−grain interactions, resulting in preferential precursor adsorption at the edge sites of one of the two grains forming the GB. This preferential adsorption results in the continued growth of the "preferred" grain at the GB, thus blocking further precursor adsorption at the edge sites of the second grain. Further expansion of the second grain at this GB is then impracticable because of the inaccessibility of the edge sites to precursor molecules. The horizontal-to-vertical transition is fully realized as the eclipsed grain forces the continually expanding "preferred" grain to grow in a new orientation of arbitrary angle to the planes oriented parallel to the substrate. The crosssectional STEM image in Figure 2e clearly illustrates this formation pathway with the transition site indicated by the white arrow. In this image, the WS 2 grain on the left is terminated by the "preferred" growth of the grain expanding from the right. Continued deposition at these newly oriented edge sites forms a vertical nanostructure. Propagation and expansion of these vertical nanostructures occur with further precursor adsorption at the now vertically oriented reactive edge sites ( Figure S3 ). Precursor adsorption on the vertical nanostructure results in increased height and in-plane width of the vertical nanostructures. Thickening of the vertical nanostructures however follows a different adsorption pathway wherein the precursor adsorbs on a basal plane, creating a new WS 2 layer. This new layer can then expand conformally on the surface, resulting in vertical nanostructures with increased 
Research Article numbers of layers. Basal plane nucleation on van der Waals materials during ALD, however, is not currently a well understood phenomenon.
Next, a second type of formation was evident from our cross-sectional STEM studies involving the synergistic expansion and orientation transition of both grains forming the GB (Figure 2c ). This formation contrasts with the single grain orientation transition observed in the type I pathway. We refer to this second route as the type II formation pathway. After grain coalescence, interactions between the grains forming the GB cause a transition in growth direction for both grains. This synergistic orientation transition results in the formation of vertical structures consisting of both grains.
The simultaneous transition of both grains is supported by cross-sectional STEM imaging ( Figure 2f ). This image clearly shows the cooperative horizontal-to-vertical transition of the coalescing grains as similarly described by Li et al. in their "Type II" growth model. 15 Further, WS 2 deposition results in the propagation and expansion of the vertical nanostructure as described for the type I pathway.
Finally, we observed a third formation pathway for vertical nanostructures in PEALD WS 2 thin films. This pathway stands out from the other two pathways because of its seemingly disjointed, or incoherent, growth ( Figure 2d ). We have designated this the type III formation pathway. The two prior pathways exhibit a continuous growth of at least one of the grains forming the GB. We believe, however, that precursor adsorption can also occur on the GB, resulting in growth nearly perpendicular to the horizontally oriented basal planes, as seen in Figure 2g . The unique characteristics of this GB, however, result in the formation of a new vertically oriented WS 2 grain. This pathway may result from enhanced precursor adsorption at GBs that can possess a high density of defects or dislocation concentrations. 38, 55 Analogous to the other two pathways, vertical nanostructures formed by this pathway propagate with continued WS 2 deposition. However, thickening of type III vertical nanostructures results from new layer formation at, and expansion from, the GB instead of that from lateral expansion described for the previous two pathways. Precursor molecules adsorb at the edge sites of the horizontally oriented planes, yet interactions with the vertically oriented layers may lead to a continued horizontal-to-vertical orientation transition. The expanding width of the type III nanostructures may explain the observed v-shaped origin of these vertical nanostructures (Figure 2g ). This phenomenon, as well as an atomistic mechanism of formation for all three formation pathways, will be investigated as part of another study. Vertical layer growth originating directly on the substrate 56 was not observed in Figure 2 . Such features grown by this pathway may be eliminated during PEALD processing, as their presence was not confirmed in this study.
We show in the above depictions that the vertical nanostructures form at GBs ( Figure 2 ). To corroborate this, we utilized top-view high-resolution HAADF-STEM imaging, as shown in Figure 3a . We studied grain orientations on opposing sides of several vertical nanostructures in 2 nm thick WS 2 films. The vertical nanostructures are recognizable in STEM imaging not only from the increased contrast but also by the larger spacing between the (00l) lattice planes. A vertical nanostructure is presented in Figure 3a with four colorcoded areas, indicating the regions where FFTs were obtained. The FFTs of selected areas in the STEM images were utilized to establish the local in-plane grain orientation by measuring the in-plane position of crystallographically equivalent (010) spots. In Figure 3b −e, representative (010) spots are indicated by circles. These measurements reveal very similar in-plane orientations of the red, green, and blue areas; however, there is a misorientation of ∼7°between these three areas and the yellow area. This misorientation angle indicates a difference in grain orientation, implying the presence of a new grain at this location. 57 Additional measurements around several vertical nanostructures presented similar results, as will be shown below, supporting the hypothesis that vertical nanostructures originate at GBs.
Next, grain orientation studies were carried out in regions around GBs lacking vertical nanostructures. An interesting trend arises when comparing misorientation angles of GBs with and without vertical nanostructures: vertical nanostructures predominantly form at GBs with low misorientation angles (low-angle GBs). Around vertical nanostructures, the average misorientation angle was ∼5.6°, whereas GBs lacking a vertical nanostructure had an average misorientation angle of ∼16.4°. 
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The measured misorientation angles at GBs with and without vertical nanostructures are shown in Figure 4 . It is worth noting that grain misorientation angles above 30°are indistinguishable from those below 30°because of the hexagonal symmetry of WS 2 as demonstrated by the hexagonal pattern in the FFTs (Figure 3b−e ). Thus, all misorientation angles are reported as 30°or less. Thicker 6 nm WS 2 films deposited by the same process yielded analogous misorientation angles at GBs with and without vertical nanostructures. We believe that this predisposition to form at low misorientation angles can be partially attributed to the defect concentration and strain associated at GBs. Azizi et al. showed that higher misorientation angles result in higher local strain and dislocation concentrations at GBs. 55 However, these two attributes also result in a higher dislocation mobility. Higher mobility of edge defects/dislocations could significantly affect precursor adsorption and edge stability, thereby decreasing the likelihood of vertical nanostructure formation at higher misorientation angles.
Suppression of Vertical WS 2 Nanostructures. The presence of vertical nanostructures in 2D thin films such as WS 2 can hinder charge transport and, consequently, hamper device performance. Conceivably, there are methods by which the formation of these undesired nanostructures could be reduced or eliminated. Based on the insight presented above, one method would be to increase the grain size in the deposited film. From the previous section, we established that vertical nanostructures form predominantly at GBs. It then follows that larger grains would lead to a lower density of GBs and, in turn, a decrease in the areal density of vertical nanostructures. A second method could be to remove vertical nanostructures through physical or chemical means. Physical sputtering and chemical etching of vertical nanostructures are two pathways that could be employed during or after deposition to remove vertical nanostructures. Because of reduced atomic coordination, the edges of the vertical nanostructures are highly reactive when compared to the basal planes and thus could be preferentially removed. A third method may be post-deposition, high-temperature annealing to force the vertical nanostructures to realign parallel to the substrate, the more thermodynamically stable state. 9 However, this method risks incompatibility with BEOL processes.
Recently, plasma treatments during or after deposition have been reported to enhance the grain size in thin films. 58, 59 Various plasma gas compositions, from chemically inert to highly reactive, have been used to affect this change. Kim et al. demonstrated the efficacy of a chemically inert Ar plasma in a post-deposition treatment to enhance the grain size in SnS 2 films by physical sputtering of surface atoms. 58 On the other hand, Macco et al. reported the use of a reactive plasma during ALD for grain size enhancement in zinc oxide thin films. 59 The H 2 plasma was proposed to chemically etch some nucleating sites, resulting in a lower nucleation site density on the surface. The lower nucleation density allowed for increased lateral growth of the established grains. 59 These reports suggest that a plasma treatment can be a suitable method to suppress vertical nanostructure formation. Thus, we considered plasma treatments both during and after ALD growth. The results of the plasma treatments obtained during ALD are discussed first here.
To investigate the impact of plasma treatments on vertical nanostructure suppression during ALD, we implemented an additional plasma exposure step to our previously established WS 2 PEALD process. 47 This additional plasma treatment was incorporated into our "AB" PEALD process as a third step to form a three-step "ABC" process. These processes are designated by an ABC-type naming system: AB for the standard PEALD process, ABC Ar when an Ar plasma step C was used, and ABC H 2 when a H 2 plasma step C was used. Depositions were performed using AB and ABC processes at 450°C unless stated otherwise, as the film resistivity was lowest at this temperature in the investigated temperature range (100−450°C, Table S2 ).
The impact of the Ar and H 2 plasma exposure on the areal density of the vertical nanostructures was investigated by HAADF-STEM images. Figure 5 shows top-view, lowmagnification (500k×) HAADF STEM images of WS 2 films 
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Research Article (∼6 nm) deposited using the AB, ABC Ar , and ABC H 2 processes. As seen from Figure 5b ,c, the areal density of vertical nanostructures, identified by brighter contrast and lattice lines in some cases, is reduced significantly by both the ABC Ar and ABC H 2 processes relative to the AB process ( Figure  5a ). This reduction in areal density appeared to be larger with the ABC Ar process on initial inspection and was then confirmed by quantifying the average areal density of the vertical nanostructures, as shown in Table 1 . The average areal density of vertical nanostructures was determined from multiple measurements on high-magnification HAADF-STEM images (image area ≈ 380 × 380 nm 2 ). The average areal density was determined to be ∼706 nanostructures per μm 2 in the case of the AB process, which reduced substantially by ∼80% to ∼145 nanostructures per μm 2 for the ABC Ar process. In the case of the ABC H 2 process, the average areal density reduced by ∼29% to ∼504 nanostructures per μm 2 . The absence of vertical nanostructures in the cross-sectional STEM images further corroborates their suppression with the ABC processes ( Figure S4 ). The reduction in the areal density of vertical nanostructures was also observed in the nucleation phase of film growth ( Figure S5 ). In this initial growth phase, the Ar plasma in step C was again found to be more effective in suppressing the growth of vertical nanostructures when compared to the H 2 plasma.
Having realized a significant reduction in vertical nanostructure formation, we now turn our attention toward possible mechanisms for the suppression of vertical nanostructures. The various mechanisms that may influence suppression include grain size enhancement, sputtering and etching, thermal annealing effects, etc., introduced by the plasma exposure in step C. These suppression mechanisms are discussed below.
Grain Size Enhancement. With the observed decrease in the areal density of vertical nanostructures, it is important to determine the effect of the additional plasma step C on the grain size. Average lateral grain sizes for the AB, ABC Ar , and ABC H 2 processes (Table 1) were determined from multiple grain measurements on high-magnification HAADF-STEM images ( Figure S6 and Table S3 ). Because of the poor visibility of the grains and their boundaries in the atomic resolution images, grain size measurements were carried out using a live FFT in Digital Micrograph software to establish all edges of the measured grains. The average grain size was determined to be 13.6 nm for the reference AB process. For both the ABC Ar and ABC H 2 processes, an enhancement in the lateral grain size was observed with respect to the AB process ( Table 1 ). The grain size enhancement was substantial for the ABC Ar process, wherein the average grain size increased to ∼24 nm, a 76% increase. For the ABC H 2 processes, the grain size enhancement was less substantial, wherein the grain size increased to ∼19 nm, a 40% increase. These results demonstrate that both Ar and H 2 plasma treatments induce considerable grain size enhancements that contribute to an effective reduction in the areal density of vertical nanostructures ( Figure 5 ).
The grain size enhancements induced by the plasma treatments can arise from various plasma−surface interactions depending upon the constituents of the plasma. The ions in the chemically inert Ar plasma are known to influence growth and material properties in thin films exclusively through physical effects. 30, 60, 61 Through ion bombardment, the energetic ions transfer energy and momentum to the growth surface. Depending upon the kinetic energy of ions, Ar ion bombardment on the growth surface can lead to several physical effects including adatom migration, desorption of physically adsorbed species, displacement of lattice atoms in the surface or bulk, sputtering, subsurface or bulk implantation of ions or displaced atoms, etc. 30, 60, 61 The mean energy of Ar ions used in our PEALD process was measured to be ∼12 eV using a retarding field energy analyzer (RFEA) ( Figure S7 ). At these low ion energies, ion implantation during Ar plasma exposure in step C, from or to the WS 2 surface, is highly unlikely to occur. 30, 60 The ion energy is on the borderline for mild sputtering of S atoms. 62, 63 Therefore, adatom migration and displacement of lattice atoms in the laterally oriented grains are most likely to ensue. 60 These physical effects can cause structural rearrangements on the growth surface, which subsequently may lead to an enhancement in the grain size.
The use of a reactive H 2 plasma entails both ion−surface and radical−surface interactions having physical and chemical components. 30 Because of its low mass, H ions are very unlikely to contribute to physical effects through momentum transfer. 64 On the other hand, reactive species in the H 2 plasma, for example, radicals, have been reported to influence a wide range of properties (including grain size) in thin films growing through various processes. 30, 59, 65 The H 2 plasma in step C can etch away isolated/unstable nucleating sites on the WS 2 surface, thereby reducing the nucleation density and allowing established grains to continue expanding laterally.
Estimating the degree of suppression in vertical nanostructure areal density enabled by grain size enhancement is not straightforward. However, estimating the reduction in GB density resulting from grain size enhancement could enable us to ascertain the degree of suppression in vertical nanostructure areal density enabled by grain size enhancement alone. Assuming random grain orientation angles, the vertical areal nanostructure density should follow a linear relationship with the GB density. Here, we used a Voronoi grain-based model to estimate the density of GBs for the AB, ABC Ar , and ABC H 2 processes based on the average grain size (see Supporting InformationTable S4). Using this model, we would expect a 68 ± 5% reduction in GB density for the observed grain size increase of 76 ± 8% for the ABC Ar process (grain size reported in Table 1 ). Similarly, we expect a 46 ± 3% GB density reduction for the observed grain size increase of 40 ± 3% for the ABC H 2 process. Following a linear relationship assumption, the areal density of vertical nanostructures should also be suppressed by similar degrees, suggesting that the suppression of vertical nanostructures should predominantly arise from grain size enhancements. The RBS-determined stoichiometry (S/W) of the films is shown for the three processes.
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From Table 1 , the reduction in areal density of vertical nanostructures was determined to be 80 ± 10% for the ABC Ar process and 29 ± 3% for the ABC H 2 process, relative to the AB process. For the ABC Ar process, the experimentally determined reduction (80%) is larger than the expected reduction from the model (68%). Grain size enhancement accounts for a significant portion of vertical nanostructure suppression; however, deviation from the one-to-one correlation suggests that there could be suppression contribution from other physicochemical effects. Conversely, the ABC H 2 process exhibits a lower vertical nanostructure suppression (29%) than the reduction expected from the model (46%). This suggests that grain size enhancement does significantly contribute to the suppression of vertical nanostructures but seems to be significantly offset by physicochemical effects. The hydrogen in the plasma may promote the growth of vertical nanostructures during plasma−surface interactions, partially mitigating suppression from grain size enhancement. 47 Thus, it is apparent that grain size enhancement alone cannot fully account for vertical nanostructure suppression and other physicochemical effects, such as etching of S atoms, thermal annealing effects, and so forth, may play an important role. This warrants a further investigation, and we discuss this below.
Etching of S Atoms. Besides aiding grain size enhancement, plasma−surface interactions can occur directly at the formation sites of vertical nanostructures. These interactions may be instrumental in mitigating the vertical nanostructure formation during the deposition of WS 2 . The two plasmas, however, may interact with the surface in very different ways.
Beyond the reaction with surface nuclei, the reactive species in the H 2 plasma can also react with the established surface. We have recently shown that an abundance of H species in a H 2 diluted H 2 S plasma will react with WS 2 surfaces, leading to S atom removal. 47 Because of their higher reactivity, the edge atoms are more vulnerable to plasma etching than the relatively inert basal planes and are likely to be preferentially etched. In this work, exposure to H 2 plasma in step C can etch the edgeterminated vertical nanostructures that begin to form at GBs during the preceding AB steps in every ALD cycle. The relatively thinner vertical nanostructures observed in Figure 5c may be a consequence of H 2 plasma etching, an aspect not observed with the AB or ABC Ar processes (Figure 5a,b ). In addition, H 2 plasma exposure results in more S-deficient WS 2 lateral and vertical nanostructure edges (S/W = 1.6, Table 1 ). Importantly, Azizi et al. have shown that S-deficient dislocations at GBs result in higher dislocation mobility along grain edges. 55 As stated earlier (see "Formation of Vertical WS2 Nanostructures"), higher dislocation or defect mobility at grain edges may significantly impact the formation of vertical nanostructures. This could be attributed to surface/ edge reconstruction during deposition, mitigating the formation of vertical nanostructures. Hence, the etching of S atoms from edge sites could play an important role in the suppression of vertical nanostructure formation. However, tungsten precursor adsorption (step A) is also more energetically favorable on such S-deficient surfaces, 47 leading to enhanced growth rates ( Figure S2 and Table S1 ). This competition between vertical nanostructure formation and etching may limit the etching effect induced by the H 2 plasma as film growth proceeds. 47 The reduced etching effect seems to limit grain size enhancements. These effects may explain the significant deviation observed in vertical nanostructure suppression determined experimentally and from the model (Table S4) .
On the other hand, an Ar plasma does not have a similar level of reactivity as a H 2 plasma. Thus, chemical etching is not the likely outcome from the interaction of Ar ions with the WS 2 surface, although vertical nanostructure suppression is observed to be more significant from Ar plasma exposure than from H 2 plasma exposure. The significantly higher mass of Ar ions as compared to hydrogen ions most likely plays a key role in the effect of surface bombardment during plasma exposure. The higher energy imparted to the surface from the heavier Ar + may be responsible for stronger surface reconstruction at defect/dislocation and edge sites. Komsa et al. calculated displacement energy thresholds for WS 2 , revealing a lower required energy for edge-site displacement. 66 These calculations corroborate the "preference" for edge-site reconstruction versus surface reorganization. Surface/edge reconstruction from Ar + bombardment may have the same, yet a more pronounced, end result as with H 2 plasma exposure: edge reconstruction, resulting in the suppression of vertical nanostructures. Although vertical nanostructure formation is suppressed with both plasmas, the two processes seem to affect this change through two different physicochemical pathways.
The effect of plasma was further investigated by comparing the ABC process, as discussed above, to an AB process with a plasma treatment after finishing the ALD growth ( Figure S8) . These post-ALD plasma exposure processes are referred to as AB post-Ar plasma process when an Ar plasma was used or AB post-H 2 plasma when H 2 plasma was used. The areal density of vertical nanostructures did not vary significantly between the reference AB and the AB post-plasma processes with Ar or H 2 plasma. This clearly indicates that the post-ALD plasma exposures are not efficient in suppressing the growth of the well-established vertical nanostructures. In hindsight, the etching of S atoms by H 2 plasma is limited to the top edges of vertical nanostructures. Downward etching of the vertical nanostructures would involve the complete removal of S and W atoms from layers, which would not be possible with the H 2 plasma used. Thus, the etching and thereby the surface/edge reconstruction are limited to the top edges of vertical nanostructures, and consequently, no significant reduction in the areal density of vertical nanostructures is observed because of post-growth plasma exposure. A similar behavior can also be expected in the case of Ar plasma, where the surface/edge reconstruction enabled by Ar + bombardment because of displacement of atoms is limited on the well-established vertical nanostructures. Therefore, these findings emphasize that the suppression of the vertical nanostructures through plasma exposure is more effective during the nucleation of vertical nanostructures when compared to their established growth.
Thermal Annealing during Deposition. The total deposition time of the ABC processes was ∼1 h longer than the AB process because of the additional step C (duration = 50 s per cycle). This means that the samples in the ABC process underwent extra processing time at the deposition temperature (450°C). In addition, this extra processing time may induce thermal annealing effects that can influence the structural profile of the films, including the areal density of vertical nanostructures. Thermal energy from annealing can cause surface restructuring via diffusion of the constituents, resulting
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Research Article in the morphology that is known to be most thermodynamically favorable, that is, a film with horizontally aligned basal planes exclusively. 9 Oh et al. have reported a similar observation when the temperature was increased during the post-sulfurization of ALD-deposited MoS 2 films. 9 To investigate the effect of annealing on the areal density of vertical nanostructures, the Ar plasma exposure in step C was replaced by an Ar gas exposure. Ar gas exposure in step C should not influence the film growth as it does not entail any physical effects such as ion bombardment unlike an Ar plasma exposure. Hence, thermal annealing effects introduced by step C, if any, could be determined by comparing the areal density of vertical nanostructures resulting from ABC gas and ABC plasma processes. Figure 6a −c shows the top-view STEM images of WS 2 films deposited using AB, ABC Ar-gas , and ABC Ar-plasma processes, respectively. Upon visual inspection, there does not appear to be an obvious difference between the AB and ABC Ar-gas processes. A more quantitative approach was then taken to estimate the areal density of vertical nanostructures over a 400 × 400 μm 2 area. The areal density of vertical nanostructures resulting from the ABC Ar-gas process was found to be nearly equal (∼91% relative to AB) to the vertical nanostructures formed during the AB process. This suggested that the extraprocessing time from step C had minimal effect on the reduction in the areal density of vertical nanostructures. Similar experiments were performed with H 2 gas in the place of the step C H 2 plasma. Similarly, no significant difference in the areal density of vertical nanostructures was observed between the AB and ABC H 2 -gas processes. These observations confirm that any thermal annealing effects from increased deposition time in the ABC processes do not play a major role in the suppression of vertical nanostructures. However, there could be some minor annealing effects on the bottom layers that cannot be ascertained from the top-view STEM images. These effects are discussed later in terms of film resistivity. Additionally, these results also confirmed that a plasma exposure (Ar or H 2 ) is needed to achieve significant reduction in the areal density of vertical nanostructures in our WS 2 films and gas exposures do not yield the same results.
GB Angle. From the formation studies, we established that vertical nanostructures in the AB process predominantly form at low-angle GBs with an average misorientation angle of ∼5.6° (  Figure 4 ). We then investigated if the misorientation angles at GBs without vertical nanostructures were influenced by the Ar or H 2 plasma exposure in step C of the ABC processes. Variation in the misorientation angle could have led to a reduction or increase in the areal density of vertical nanostructures if the average misorientation angle was higher or lower, respectively.
Grain misorientation angles were studied from HAADF-STEM images of the AB, ABC Ar , and ABC H 2 processes. For a comprehensive study, 50 GBs for the AB process and 47 GBs for both ABC processes were examined. The abundance of misorientation angles by the process is presented in Figure 7 .
An initial inspection of the data does not reveal any obvious differences between the AB and ABC processes. The average misorientation angle from each process (17.1°for AB, 17.0°f or ABC Ar , and 16.7°for ABC H 2 ) confirms that there is no significant variation with plasma exposure in step C. This suggests that the orientation angles are determined in the very early stages of nucleation, where all nuclei can be treated independently and can adopt all possible rotational orientations around the normal to the 2D layers.
In summary, grain size enhancement is the major factor enabling the suppression of vertical nanostructures. Other physicochemical effects such as etching of S atoms, thermal annealing, and so forth have smaller contributions. 
Research Article nanostructures were investigated by gradually mixing the Ar and H 2 plasma gases in step C (process = ABC Ar+H 2 ). Figure 8 shows a series of top-view HAADF-STEM images of WS 2 films (∼6 nm) synthesized using the ABC Ar , ABC Ar+H 2 , and ABC H 2 processes. In this series, gas flow rates were decreased or increased by a 10 sccm increment for Ar or H 2 , respectively. With the addition of just 10 sccm H 2 to the Ar plasma gas, noticeable changes are observed in the areal density and the appearance of the vertical nanostructures ( Figure 8b ). The vertical nanostructures were relatively thinner, and their appearance was much closer to that observed for ABC H 2 (Figure 8e) , showing that a small addition of H 2 to the plasma gas has an immediate effect. Interestingly however, the addition of H 2 did not decrease the areal density of vertical nanostructures, rather an increase was observed. This increase in areal density continued in a nearly linear fashion with the increase of H 2 /decrease of Ar in the plasma. Table 2 shows the areal density of vertical nanostructures with plasma gas modulation determined from multiple measurements on high-magnification HAADF-STEM images of WS 2 (image area = 380 × 380 nm 2 area). Starting from ABC Ar , a change in the plasma gas composition to 25% H 2 results in an increase in the areal density of vertical nanostructures from ∼145 to ∼252 nanostructures per μm 2 . This is an increase of approximately 74% relative to the ABC Ar process. As the plasma gas composition is further changed to include 50%, 75%, and 100% H 2 , the areal density of vertical nanostructures increases to ∼308, ∼399, and ∼504 nanostructures per μm 2 , respectively. These increases in areal density are approximately 22, 30, and 26%, respectively, relative to the preceding mixture. This nearly monotonic change corroborates the significant effect of H 2 in the plasma on plasma−surface interactions. Even a relatively small amount of H 2 in the plasma modifies the observed plasma−surface interactions to act more similarly to a pure H 2 plasma. The chemical reactivity of H 2 species in the plasma seems to overshadow the physical effects enabled by Ar plasma (adatom migration, displacement of lattice S atoms, etc.), which could play a key role in suppressing the growth of vertical nanostructures as discussed earlier (see "Grain Size Enhancement" and "Etching of S Atoms"). Coupled to this, the hydrogen species may lower the diffusivity of constituents on the growth surface (S-atoms) enabled by the Ar ion bombardment and thus reduce the impact of the physical effects such as adatom migration, displacement of lattice S atoms, and so forth. At the same time, the growth rate and density of vertical nanostructures are higher on S-deficient surfaces enabled by the H 2 species in the plasma, as discussed earlier (see "Etching of S Atoms"). Thus, we see an increase in the areal density of vertical nanostructures for the ABC Ar+H 2 processes. Furthermore, the nearly linear increase in vertical nanostructure areal density with the modulation of the plasma gas composition from Ar to Ar + H 2 to H 2 reveals an absence of any cooperative effect between the generated plasma species.
Impact of Plasma Exposure (Step C) on Other Material Properties. Apart from causing a reduction in the areal density of vertical nanostructures, the plasma exposure in step C had a significant impact on the film stoichiometry (S/ W) and resistivity. Figure 9 compares the film stoichiometry (S/W, determined by XPS, left y-axis) and the resistivity (determined by 4-PP, right y-axis) for the AB, ABC Ar , ABC Ar+H 2 , and ABC H 2 processes. The AB and ABC Ar processes yielded nearly stoichiometric (S/W = ∼2) films (see Figure S9 for raw XPS data). Upon the addition of H 2 to the Ar plasma, a decrease in stoichiometry was observed. The S/W ratio decreased to approximately 1.7 in all of the ABC Ar+H 2 processes as seen from the center points of Figure 9 . Eliminating Ar from the plasma gas mixture further decreased the S/W ratio to 1.6 for the ABC H 2 process. This significant change in the S/W ratio shows that the presence of H 2 species in the plasma removes S atoms from the growth surface corroborating the surface etching discussed above.
The resistivity of a WS 2 film (∼6 nm) deposited by the AB process was found to be approximately 10 6 μΩ·cm. With the addition of the plasma step C, the resistivities of films synthesized with the various ABC processes were found to be an order of magnitude lower (∼10 5 μΩ·cm) when compared to the AB process. This decrease in resistivity can be attributed to several factors, and we discuss them below. 
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The reduced areal density of vertical nanostructures observed for the ABC processes ( Table 2 ) could directly contribute to the observed decrease in film resistivity because of the following reasons. First, the electrical resistivity perpendicular, (∥c), to the layers is known to be about twice the resistivity within the layers, (⊥c). 42, 43 Thus, the presence of vertical nanostructures amidst basal-plane-oriented layers may cause a rise in film resistivity. Second, the vertical nanostructures can cause scattering of mobile charge carriers as the vertical nanostructures were observed right from the film nucleation regime ( Figure S5 ). This effect is elucidated by the comparatively low film resistivity observed in the nucleation stage for the ABC processes ( Figure S10 ). In the nucleation stage, the ABC processes had lower areal density of vertical nanostructures when compared to the AB process as discussed before ( Figure S5 ). In this context, the presence of such vertical nanostructures amidst the basal-plane-oriented layers is highly undesirable for obtaining films with low resistivity.
Film doping induced by the S-deficiencies (S/W < 2) from the ABC Ar+H 2 and ABC H 2 processes (Figure 9 ) may contribute to the decrease in film resistivity. On the other hand, given the areal density of vertical nanostructures (Figure 8 ), a relatively higher film resistivity was anticipated for the ABC Ar+H 2 and ABC H 2 processes when compared to the ABC Ar process. However, the film resistivity did not vary significantly between the ABC Ar , ABC Ar+H 2 , and ABC H 2 processes. Film doping induced by the S-deficiencies observed with the ABC Ar+H 2 and ABC H 2 processes ( Table 2 ) seems to lower film resistivity and compensate for the presence of the relatively higher areal density of vertical nanostructures. Tungsten disulfide films exhibiting acute S-deficiencies (WS 1.6 ) have typically been associated with n-type doping. 67, 68 The grain size enhancement observed previously for the ABC processes (Table 1 ) may also contribute to the lowered resistivity of the films. Larger grains result in a lower number of GBs, which may result in less charge scattering at GBs. Furthermore, thermal annealing effects from increased deposition time in the ABC processes can have small contributions to the drop in film resistivity. The resistivity of films deposited using the ABC gas processes ( Figure 6ABC gas processes) was observed to be lower when compared to the reference AB process, as shown in Figure S11 . However, the drop in resistivity induced by thermal annealing effects is minor when compared to the plasma-induced drop in resistivity.
We believe that the vertical structure formation pathways and mechanism discussed here can be generalized to other 2D TMDs grown using ALD. Because of the growth similarities, we believe that we can safely relate vertical nanostructure suppression in ALD WS 2 shown in our work to other TMDs. Beyond ALD growth, plasma-based treatments can be included along with other growth techniques (during or post growth) to induce physical changes. It is noteworthy to mention that such changes would be strongly dependent on the plasma parameters.
■ CONCLUSIONS
In conclusion, we discussed formation pathways for the growth of vertical 3D WS 2 nanostructures and introduced an approach to effectively suppress their growth during PEALD. We established formation pathways for the vertical nanostructures, and through extensive STEM studies, we demonstrated how these nanostructures originate at GBs. The formation pathway insights obtained in this work improve the current level of understanding of the vertical nanostructure growth reported in the literature. For suppressing the growth of vertical nanostructures, we introduced a new low-temperature PEALD process. This process effectively suppresses the growth of vertical 3D nanostructures during the growth of 2D WS 2 layers by incorporating additional plasma treatment steps in the PEALD cycles. By adding the plasma treatment steps, the GB density drastically decreased, which together with other physicochemical effects of the plasma led to an 80% reduction of the vertical nanostructure density relative to its original value. As a consequence, the resistivity of the films reduced by an order of magnitude. The observed relation between the GB density and vertical nanostructures will lay the foundation for further studies on vertical nanostructure suppression, not only during ALD but also during other commonly used 2D TMD growth techniques such as CVD. The established growth pathways and our approach to vertical nanostructure suppression during PEALD will likely extend to other 2D TMD systems.
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